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A B S T R A C T   

Considering the environmental problems caused by storing massive solid waste, the need for harmless disposal of 
multielement solid waste has become increasingly urgent. This waste can be repurposed for use in the con
struction materials industry, offering a sustainable recycling solution. Notably, various types of solid waste have 
demonstrated promising applications in concrete, mineral admixtures, aggregate, and alkaline activators. This 
article delves into the unique properties of multielement solid waste and provides a comprehensive overview of 
current research efforts aimed at integrating solid waste into concrete. Furthermore, it examines the intricate 
interactions between cementitious materials, alkali-activators, and aggregates in concrete, offering a detailed 
mechanistic understanding. The study also summarizes current engineering applications of solid waste materials 
and suggests potential future research directions. Solid waste concrete offers remarkable environmental, eco
nomic, and sustainability benefits, pointing to a promising future for its industrialization.   

1. Introduction 

As the global economy grows, the amount of solid and semi-solid 
waste produced by humans is increasing. These wastes are mainly 
smelting slag, fly ash, coal gangue, chemical waste, tailings, and 
radioactive waste. By 2050, solid waste production is projected to be 
3.40 billion tons per year [1,2]. The processing and utilization of 
multielement solid waste have become an issue with the massive in
crease in solid waste. The best model for the sustainable development of 
industrial waste is the circular economy. The synergistic preparation of 
high-performance and low-energy-consumption building materials 
using multifaceted solid waste is an excellent solution to solve the 
accumulation of waste production and realize its comprehensive utili
zation [3,4]. 

In the world, concrete is the second-largest building material [5]. As 
an essential component of concrete, cement is produced globally in 4 
billion tons per year, which is accompanied by the production of a large 
amount of CO2 [6,7]. Therefore, through technological innovation, 
using solid waste to replace cement not only reduces CO2 emissions and 
promotes carbon neutrality but also increases the use of solid waste and 
optimizes resource allocation. Using industrial waste or artificial sand 

and gravel to prepare coarse and fine aggregates for mixing into con
crete is also a meaningful way to utilize solid waste. Although natural 
sand and gravel are only partially replaced in most cases, concrete is 
widely used and consumed owing to its high aggregate content (about 
65–85% of its volume) [8]. Therefore, the amount of solid waste 
aggregate reuse is still considerable. 

In addition to bringing good environmental and economic benefits, 
using solid waste as a constituent material of concrete can also impact 
material properties, including hydration processes, microstructure, 
strength development, and durability [9]. Therefore, reviewing the 
application of multielement solid waste in concrete is crucial. Unlike 
previous reviews that only focused on applying a certain type of solid 
waste in concrete, this study summarizes in detail a variety of solid 
wastes. In addition, this review considers the impact of solid waste as 
mineral admixtures, concrete aggregates, and alkali activators on the 
mechanical properties of concrete. Finally, it also presents engineering 
case studies that demonstrate the sustainable use of solid waste in 
concrete. The aim is to provide researchers with a more comprehensive 
understanding of the properties of solid waste materials, to elucidate 
their influence on the mechanical properties of concrete, and to promote 
the practical use of solid waste in concrete construction. 
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2. Types of multiple solid wastes 

Since multiple solid wastes involve many types of materials, solid 
waste materials should be categorized to find the commonalities and 
differences between the various materials. 

2.1. Cementitious material 

Fig. 1 shows several more common solid wastes that can be utilized 
as cementitious materials. Owing to differences in production processes 
or treatment methods, there may be some differences in the appearance 
or composition of the solid waste cementitious materials obtained. 

Fly ash (FA) is a solid powder obtained from burning coal, biomass, 
or municipal solid waste in power stations. Depending on the calcium 
content, it can be categorized into FA-F (CaO <15 wt%) and FA-C (CaO 
>15 wt%) [10]. The particles of FA are spherical and pozzolanic glassy, 
with a particle size distribution usually less than 0.075 mm. The main 
chemical composition of FA is SiO2, Al2O3, and Fe2O3 [11]. 

Ground granulated blast furnace slag (GGBS) is obtained by grinding 
solid waste from the iron and steel manufacturing industry into powder. 
If GGBS is highly processed, it is possible to get fine GGBS (f-GGBS) with 
a particle size of 4–6 μm. In terms of particle size morphology, the 
particle shapes of GGBS and f-GGBS were both irregular and glassy, but 
the particle size of f-GGBS was finer [12]. In terms of chemical 
composition, both GGBS and f-GGBS are rich in SiO2, CaO and Al2O3, 
which renders them highly reactive [13]. 

Silica fume (SF) is produced during the smelting of silicon and 
ferrosilicon alloys, and the content of amorphous SiO2 in SF is greater 
than 92%. The particles of SF are spherical, and more than 95% of the 
particles have a particle size of less than 1 μm [14]. The surface area of 
SF typically ranges 13000–30000 kg/m3, this large surface area, 
coupled with the ultrafine particle size, facilitates rapid reactivity in 
cementitious [15]. 

Waste glass (WG) comes from various sources. During glass pro
duction, various additives are commonly introduced to create different 
types of glass, resulting in differences in the composition of WG [16]. 
Silicon dioxide makes the waste glass powder exhibit pozzolanic activ
ity, and the smaller the particle size of WG, the stronger the pozzolanic 
activity [17]. 

Rice husk ash (RHA) is a by-product rice milling produces. During 
the combustion and separation process of organic matter, rice husk ash 
(RHA) particles develop a porous structure. The permeable surface and 
honeycomb structure indicate that RHA particles have a high specific 
surface area and porosity, and the pore structure of RHA varies con
cerning the source of the rice husk and the production conditions [18, 
19]. The entirely burned rice husk is grayish-white, the partially burned 

rice husk is black, and when burned at temperatures below 700 ◦C, the 
resulting RHA contains approximately 90% amorphous SiO2, making it a 
potential volcanic ash material [20]. 

Sugarcane bagasse ash (SCBA) formed by burning bagasse contains 
fine particles and a small number of coarse fibre particles when un
treated. The content of SiO2 in SCBA typically exceeds 50%, and factors 
such as sugarcane species, growth environment, calcination process and 
grinding conditions influence the chemical composition of SCBA [26]. 

Oil palm ash (OPA) is produced with the combustion of palm oil 
biomass. The unpolished OPA particles are porous, which makes the 
fineness and density of OPA increase after grinding. The content of SiO2 
in OPA is about 60%, and the content of pozzolanic oxide is 65–80%. To 
increase the reactivity of OPA, it is necessary to grind it to a fineness of 
10 μm or even less. In addition, excess carbon in OPA can be removed by 
continuous high-temperature heating in an electric furnace [27,28]. 

Marble powder, waste ceramic powder, and other materials can also 
be used as substitutes for cement cementitious materials. Marbling 
powder with CaO as the main component is derived from fine powder 
obtained during marble cutting and sawing [29]. The particle size dis
tribution and microscopic particles of ceramic powder are similar to 
cement, and the microscopic particles are irregular and angular. More
over, the main chemical components of ceramic powder are SiO2 and 
Al2O3, which ensures its reactivity [30]. 

2.2. Alkali activators 

The excitant of alkali-activated materials is usually composed of 
NaOH or Na2SiO2 which can provide basic metal cations. However, 
some solid waste materials are considered excellent substitutes for these 
alkali activators because of their high alkalinity and metal cation con
tent. Fig. 2 shows the morphology and appearance of some solid waste 
alkali activators that can be used for alkaline-activated materials. 

Calcium carbide residue (CCR) is the waste residue produced in the 
production of acetylene, which is sticky and mushy after natural accu
mulation. The powder obtained by CCR after treatment is very fine 
mainly composed of CaO and contains some SiO2 and Al2O3. Among 
them, a large amount of CaO makes CCR more alkaline (PH>12) [31, 
32]. 

Soda residue (SR) is an alkaline by-product produced in the pro
duction of industrial sodium carbonate by ammonia production. About 
0.3 tons of SR is produced for every ton of Na2CO3 produced. SR has high 
alkalinity (pH:10–12) and mainly contains CaCl2, CaCO3, and CaSO4 
[13]. SR can serve as an alkali activator for fly ash-based geopolymers or 
for forming composite materials with GGBS [33,34]. 

In the production process of the paper industry, a lot of muddy waste 
will be produced, which usually contains rich CaO. The alkali-activated 

Fig. 1. Appearance and SEM image of solid waste gelling material [21–25].  
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powder with high reactivity can be obtained by mixing and drying the 
papermaking waste mud with NaOH at high temperatures and grinding 
it [35]. Due to its high alkalinity, some biological ash is also utilized as 
an alkali activator. For example, oyster shell ash (OS), as animal solid 
waste, contains more than 90% CaCO3 [36]. These CaCO3 will be con
verted into reactive CaO by calcining OS, and the high calcium content 
renders it possible for it to be used as an alkali activator. Besides, the 
biological ash obtained by burning corn stalks and corncobs has a pH of 
more than 13, and its high alkalinity makes it meet the requirements of 
being used as an alkali activator [11]. 

2.3. Aggregate 

In Fig. 3, several common solid waste aggregates are shown. Steel 
slag (SS) is a by-product produced in the steelmaking process, and its 
main types include basic BOF, EAF, and LF. Because of the existence of 
steam and other gases in the steel furnace, the porosity of SS is 
improved, so that the surface of SS is porous [37]. As the production 
process is similar, these three kinds of slag are rich in CaO, Fe2O3, and 
SiO2, and the existence of high free iron content is the key to the high 
wear resistance of SS [38]. 

Copper slag (CS) is a by-product produced by the copper 
manufacturing industry, and its appearance is black and glassy. The 
main chemical components of CS are oxides of iron, aluminum, calcium, 
and silicon. It also has good wear resistance [39]. CS after processing has 
excellent mechanical properties which can be used in aggregate, and CS 
activated by NaOH can also exhibit cementitious properties [40]. 

Recycled aggregate (RA) originates from the wastes recovered dur
ing building demolition, such as broken concrete, bricks, asphalt and 
railway ballast. After removing the pollutants attached to steel bars, 
plastics, and glass, these wastes are crushed and screened to obtain 
natural aggregate substitutes with different particle sizes [41]. 

Biological shells such as scallop shells and oyster shells (OS) can also 
be utilized in concrete instead of aggregate. The main component of 
crushed oyster shells is CaCO3, which can work well with cement. 
Hence, OS can be utilized in concrete instead of natural sand after being 

crushed into different particle sizes [42]. 
Waste rubber is mainly obtained from waste tires. WR can be crushed 

and ground at room or low temperature, but the rubber particles treated 
by low-temperature technology are smaller. Fig. 3 shows waste rubber 
particles of different sizes. Rubber has high toughness, ductility, and low 
density, which can effectively improve cushioning and earthquake 
resistance and reduce the weight of concrete materials [43,44]. 

Coal gangue, tailings, and waste rocks will be produced in the mining 
process. The mineralogical components of coal gangue are mainly 
quartz, kaolinite, and muscovite, which will decompose into SiO2 and 
Al2O3 at high temperatures. The appearance of coal gangue is brick red. 
The uses of coal gangue include paving roads, producing cement, pre
paring sintered bricks, coarse aggregates, and fine aggregates, and 
replacing part of cement with mineral additives [48–50]. Currently, 
mine waste rocks that are widely used consist of phosphate rock, copper 
ore waste rock, and pyrite waste rock. The main application scope of 
waste rock includes pavement construction, concrete aggregate, ma
sonry materials, natural sand, etc. [51,52]. 

3. Mechanical properties 

3.1. Cementitious material 

Owing to the high content of SiO2, and Al2O3, some solid wastes have 
good pozzolanic activity and are employed as SCMs to replace cement. 
Some of the SCMs and compositions are presented in Table 1. Table 2 
presents an overview of previous research conducted by various scholars 
on the utilization of mineral admixtures in concrete. 

3.1.1. Commonly used SCMs 
FA, GGBS, and SF have been widely utilized in concrete. Table 1 

shows that all three contain high levels of SiO2 and Al2O3. This enables 
them to react with the free Ca (OH)2 in the cement to produce strength. 
For microstructure: the effect of FA on concrete also comes from its 
microbead particles, which act as "lubrication balls" to improve concrete 
flow and can be well dispersed in the concrete to enhance the reaction of 

Fig. 2. Appearance of muddy solid waste slurry and powder [34].  

Fig. 3. Appearance of solid waste aggregate [43,45–47].  
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hydration products. SF can refine the ITZ between matrix and aggregate, 
as well as the concrete pores, making the concrete matrix more compact. 
The irregular particles of GGBS contribute to an increase in the rough
ness of concrete, enhancing the mechanical interlocking forces between 
particles [70–72]. 

Regarding the number of SCMs added, the research on FA in Table 2 
shows that as the FA content increases, it negatively affects the concrete 
strength. As shown in Fig. 4, as the FA content increases, many 
unreacted FA particles are left in the matrix due to insufficient Ca (OH)2 
supplied by the cement. This results in concrete being more porous and 
reduces its strength [58]. Reducing the w/b ratio can help alleviate the 
negative effects of FA on concrete strength. Huang et al. [59], used a w/b 
ratio ranging from 0.24 to 0.60. They aimed to mitigate the detrimental 
effects of FA on concrete strength by lowering the w/b ratio. However, 
when the FA content exceeds 40%, the concrete strength decreases no 
matter how the w/b varied. Most studies limit FA replacement levels in 
concrete to less than 40% [73]. To enhance the potential of FA, adjusting 
the w/b ratio or reducing FA particle size [74]. In Table 2, it can be 
observed that in studies related to SF, its dosage generally does not 
exceed 30%. Regarding SF, an excess of SF in concrete results in a 
substantial amount of unreacted SiO2, adversely affecting the concrete 
strength [75]. In Fig. 5, the optimal content of SF is also related to the 

water-cement (w/cm) ratio. Generally, the optimal range for SF content 
is 5–15% when the w/cm is 0.30–0.40 [60]. When the w/cm is between 
0.35 and 0.45, the optimal replacement ratio for SF is between 17.5% 
and 22.5% [61]. 

The size of particles in SCMs significantly affects the properties of 
concrete. When the SCMs particle size decreases, the reaction is more 
complete as the contact area increases, and SCMs are more easily 
dispersed in concrete to fill the matrix [76]. The impact of particle size is 
particularly evident in GGBS concrete. When the particle size of GGBS is 
90 μm, it harms concrete strength, and this trend is more pronounced 
when the GGBS content exceeds 20% [62]. In contrast, Oner et al. [77] 
found that adding a finer 45μm GGBS can improve the concrete strength. 
Moreover, they identified an increased optimal level of GGBS utilization, 
ranging from 55% to 59%. The influence of GGBS particle size on con
crete was also confirmed in the research of Yun et al. [63] They found 
that the compressive and flexural strength increased with the Blaine 
fineness of GGBS was improved from 300 to 400–400–500 m2/kg. 
However, this does not imply that the fineness of GGBS can be infinitely 
reduced. As shown in Fig. 6, As the GGBS fineness increased from F556 
(2.10 μm) to F750 (1.45 μm), the excessively fine particles of GGBS led 
to van der Waals attractions between particles, causing them to attract 
and aggregate. This uneven distribution of GGBS particles in the matrix 

Table 1 
Chemical composition of SCMs.  

Wastes Chemical composition (％) Reference 

SiO2 Al2O3 Fe2O3 CaO SO3 MgO 

FA 34.40–57.60 19.10–30.80 4.14–15.2 1.59–26.7 0.38–4.01 0.42–5.15 [53] 
RHA 77.20–94.50 0.01–6.19 0.11–3.65 0.54–2.93 0.16–0.30 0.42–1.45 [54] 
SF 85.00–98.50 0.20–1.70 0.03–2.00 0.14–1.85 0.42–0.51 0.10–1.80 [24] 
GGBS 29.80–36.80 10.60–16.40 0.25–1.60 35.80–45.50 0.95–1.93 5.93–8.10 [55] 
SCBA 56.40–91.30 2.30–14.60 0.90–7.20 0.10–3.20 0.10–0.90 0.20–3.00 [56] 
CWG 69.82–72.25 1.02–6.53 0.31–2.52 8.76–12.35 0.13–0.20 1.18–3.43 [57]  

Table 2 
The influence of solid waste mineral admixtures on concrete in previous studies.  

Wastes Content w/b Mechanical properties on the 28th day Rf 

Compressive strength Flexural strength Tensile strength 

FA 10％, 20％…50％ 0.40–0.41 10–50％↓ 10–50％↓ 10–50％↓ [58] 
FA 20％, 40％, 60％, 80％ 0.24–0.55 20–40％↑, 60–80％↓ 20–40％↑, 60–80％↓ N⋅R [59] 
SF 5％, 7.5％…15％ 0.30 5–12.5％↑, 15％↓ 5–15％↑ N⋅R [60] 
SF 5％, 10％, 15％, 17.5％, 20％…30％ 0.35 5–10％↓, 15–30％↑ N⋅R N⋅R [61] 
GGBS 10％, 20％…40％ 0.50 10–40％↓ 10–40％↓ N⋅R [62] 
GGBS 20％, 40％, 50％ 0.50 20↓,40–50％↑ 20–40％↑, 50％↓ N⋅R [63] 
FA+SF 10％+10％, 10％+15％, 10％+20％ 0.30 10％+10–20％↑ N⋅R N⋅R [60] 
FA+SF 10％+10％, 10％+15％, 10％+20％ 0.40 10％+10–20％↓ N⋅R N⋅R [60] 
GGBS+SF 30％+5％, 30％+10％, 30％+15％ 0.32 30％+5–15％↑ 30％+5–15％↑ 30％+5–15％↑ [64] 
GGBS+SF 40％+10％, 50％+10％, 65％+10％ 0.45 40–65％+10％↓ 40–65％+10％↑, 40–65％+10％↓ [65] 
RHA (600 μm) 10％, 20％ 0.45 10％-20％↓ 10％-20％↓ 10％-20％↓ [20] 
RHA (44 μm) 10％, 20％ 0.45 10％-20％↑ 10％-20％↑ 10％-20％↑ [20] 
SCBA (105 μm) 5％, 10％…30％ 0.55 5–30％↓ N⋅R 5–10％↑, 15–30％↓ [66] 
SCBA (105 μm) 5％, 10％…30％ 0.55 5–25％↑, 30％↓ N⋅R 5–20％↑, 25–30％↓ [66] 
SCBA+SF 5, 10…25％+10％ 0.40 5–25％+10％↓, N⋅R 5–25％+10％↓, [67] 
WG 5％, 10％…25％ 0.40 5–10％↑, 15–25％↓ N⋅R 5–15％↑, 20–25％↓ [68] 
WG 15％, 30％…60％ 0.42 15％↓, 30％↑, 45–60％↓ N⋅R N⋅R [69] 

↑: Increase;↓: Decrease; w/b: water-binder ratio; Rf-Reference; N⋅R: Not Reported. 

Fig. 4. SEM images of concrete with different FA contents [58].  
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caused localized voids, ultimately decreasing strength [78]. 
SF has a high SiO2 content and a smaller particle size than cement, 

enabling it to synergize effectively with FA or GGBS. As shown in 
Table 2, Mimeek et al. [60] have conducted studies on mortar specimens 
containing 10% SF and varying levels of FA (10%, 15%, and 20%) 
content. Maintaining a water-binder ratio of 0.3, the 28-day compressive 
strength of all specimens exhibited improvement relative to traditional 
concrete. Notably, the combination of 10% SF and 15% FA demon
strated the highest strength, achieving 52 MPa. Additionally, the 
strength ratio comparison between 7 days and 28 days revealed a higher 

strength gain rate for SF-FA concrete. Regarding GGBS-SF concrete, 
Venkateswarao et al. [64] observed enhancements in compressive 
strength, flexural strength, and splitting tensile strength when 30% 
GGBS replaced cement and 10% SF was incorporated. The strength 
enhancement attributed to these combinations may be due to the 
abundant active SiO2 in SF, which accelerates the hydration process, 
along with the filling effect of SF ultrafine particles. However, it is noted 
that an increase in the water-binder ratio or a high content of mineral 
admixture can lead to a decrease in concrete strength, even with the 
addition of SF [60,65]. This suggests that while SF is indeed a viable 
method for bolstering the strength of binary or multicomponent mix
tures, its impact on strength improvement is constrained and may not 
fundamentally alter the behavior of concrete strength evolution. 

3.1.2. Rice husk ash 
The impact of RHA on concrete is significantly influenced by particle 

size and dosage. As observed in Fig. 7, RHA with lower content and finer 
particle size exhibits a more positive effect on concrete. As shown in 
Fig. 7(a), when the RHA dosage is 20%, the concrete compressive 
strength with a rise of 9.8% was observed at 28 days and a further 
enhancement of 12.8% was recorded at 90 days. In Fig. 7(b), the con
crete with 44 µm RHA particle size has better flexural and tensile 
strength than the control. Conversely, the concrete with 600 μm and 150 
μm RHA performs lower than the control group, with 600 μm RHA 
showing more pronounced adverse effects [20,79]. The impact of RHA 
on concrete strength is largely attributed to its pozzolanic reaction. As 
depicted in Fig. 8, the milling process causes the porous honeycomb 
structure of the RHA particles to collapse, thereby increasing the specific 
surface area [80]. This expanded surface area facilitates heightened 
interaction with Ca (OH)2, accelerating the pozzolanic reaction rate. In 

Fig. 5. Variation in SF concrete compressive strength with SF content and w/cm ratio [60].  

Fig. 6. Effect of GGBS fineness on flexural strength of concrete [78].  

Fig. 7. Effect of RHA on (a) compressive [79] and (b)flexural and tensile splitting strength [20].  
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addition, for highly ground RHA, its fine particle size fills the concrete 
matrix and improves the interfacial transition zone, thereby increasing 
concrete strength. However, when coarser particles are added to the 
concrete, more voids may be created, which may result in uneven ma
terial contact and adversely affect strength. During hydration, as RHA 
reacts with water, hydration products are formed externally, while the 
internal part remains separated from surface water. Larger RHA particle 
diameters impede the hydration process. Therefore, RHA with smaller 
particle sizes exhibits faster hydration reactions [20]. If the RHA content 
is too high, a significant amount of cement is replaced. Assuming that 
the pozzolanic reaction of the RHA is insufficient to offset the adverse 
effects of the reduction in cement content, the compressive strength 
could potentially be reduced [81]. Various studies have demonstrated 
the benefits of including 10%-20% fine particle size RHA content on 
concrete strength [82,83]. 

3.1.3. Sugarcane bagasse ash 
Fig. 9(a) illustrates the advantageous impact of SCBA on concrete 

compressive strength. Concrete containing SCBA experiences rapid early 
strength development, surpassing that of the control group. However, in 
later stages, there is no significant improvement relative to the control 
group. The swift development of early strength is attributed to the 
smaller fineness of SCBA and the reaction rate of SiO2 in SCBA and Ca 
(OH)2. The maximum compressive strength is achieved at 20% SCBA 
content at 7 and 28 days. However, in the long term, the group with 30% 
SCBA content demonstrates superior compressive strength at 91 days. 
Hence, according to DH Le [84] incorporating SCBA at 30% concrete 
content not only maintains long-term strength but also provides superior 
economic and environmental benefits. However, the study by Zareei 
et al. discovered a decrease in the concrete compressive strength 
following the addition of SCBA, as shown in Fig. 9(b). The difference in 
results between Le [84] and Zareei [67] is attributed to the particle size 
of SCBA. Le’s experiments used finely ground SCBA with smaller particle 

sizes than cement particles. In contrast, Zareei used coarser SCBA with 
fibers in their study. Previous research has demonstrated that reducing 
the particle size of SCBA can fill voids in the concrete structure, while 
also increasing surface area to enhance the pozzolanic reaction [66,85]. 

Most studies indicate that using SCBA provides a limited beneficial 
influence on tensile and flexural strength. Only at low levels of SCBA 
content is there an enhancement in these mechanical properties. When a 
large amount of SCBA is replaced, the dilution effect of the cement 
matrix can lead to a decrease in flexural and tensile strength [86]. Zareei 
et al. [67] conducted experiments showing that replacing 5% cement 
with SCBA reduced the splitting tensile strength by 8%. Moreover, as the 
SCBA content escalated, this reduction became more pronounced, with 
the splitting tensile strength plummeting by 29% when SCBA content 
reached 20%. 

3.1.4. Waste glass 
Ground waste glass (WG) can serve as a substitute for cement owing 

to its high SiO2 content [87]. The particle size of WG plays a crucial role 
in concrete performance. When the WG particles are finer than cement, 
the larger specific surface area provides sufficient hydration sites, 
thereby accelerating the hydration rate. In addition, due to its high SiO2 
content, the smaller WG particle size promotes the reaction between WG 
and Ca (OH)2 to form C-S-H gel [88,89]. According to Aliabdo [90], 
incorporating 90 μm WG to concrete at a level of 10% led to a 9.0% 
enhancement in compressive strength after 7 days in contrast with the 
control group. However, the compressive strength decreased by 9.7%, 
16.5%, and 23.2% respectively, as the WG content increased to 15%, 
20%, and 25%, as compared to the control group. Fig. 10 (a) demon
strates that in Du’s [69] study, utilizing WG with a particle size of 10 μm, 
concrete exhibits superior long-term strength when the WG content is 
below 30%. Concrete with a WG content above 30% has poor 
compressive strength in both the early and late stages. When the content 
of WG exceeds 30%, the excess WG lacks sufficient cement to undergo 

Fig. 8. The Microstructure of RHA [19].  

Fig. 9. The (a) positive effect [84] and (b) negative effect [67] of SCBA on concrete.  
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further reactions. As a result, WG becomes an inactive inert material 
within the concrete, consequently reducing concrete strength. Baiker
ikar et al. [91] explored the effect of using WG instead of cement and 
fine aggregates on concrete. Fig. 10 (b) shows that on the 7th and 28th 
days, the MixA group showed an increase of approximately 8.53% and 
1.48% in splitting tensile strength in comparison with the control group. 
However, the other groups tended to decrease. Among them, MixB 
experienced the most significant decrease, with reductions of 30.3% and 
41.08% at 7 and 28 days, respectively. The primary reasons for this may 
include the excess WG acting as an inert material and the fact that WG is 
a brittle material, increasing concrete’s brittleness. 

Additionally, the correlation between glass particle size and concrete 
expansion is significant. Glass, being amorphous SiO2, is susceptible to 
Alkali Silica Reaction (ASR) in high pH environments. Waste glass can 
generate ASR gel in alkaline environments. This gel absorbs water and 
expands, causing cracking and compromising concrete performance 
[92]. Smaller particle sizes of WG can reduce the negative effects of ASR, 
as illustrated in Fig. 11. The smaller WG particles promote more 
extensive early-stage reactions leading to C-S-H gel formation. In 
contrast, coarser glass exhibits lower early reactivity, resulting in 
increased ASR gel formation during later curing stages [89]. 

3.1.5. Discussion 
Combining Table 2 and the analyses in the above subsections, for the 

same solid waste, there may be some differences in the results of 
different experimental studies. These differences are mainly related to 
the water-binder ratio, material particle size, and solid waste content 
used. There is a consensus that reducing the water-binder ratio improves 
the strength of the concrete. Smaller material particle sizes can fill the 
matrix of the concrete, and for SF with even smaller particle sizes, 

although it is less active, it can be very effective if it is used as an 
auxiliary material to densify the matrix. Except for FA, nearly all solid 
waste mineral admixtures are controlled to less than 50%, according to 
Table 2. Naturally, most of the research has demonstrated that a 
composition of approximately 40% is ideal for FA. In addition, the 
physical properties of the material also play an important role, such as 
the irregular particles of GGBS, the "lubricating ball" of FA, etc. The 
physical characteristics of RHA, SCBA, and WG are significantly 
impacted by human processing, it should be mentioned. Their surface 
area and reaction activity will be influenced by several factors such as 
the degree of grinding, incineration temperature, and processing tech
nique. As a result, before using this kind of solid waste, individuals 
should do the necessary pretreatment based on their demands. 

3.2. Alkali activators 

The precursor of alkali-activated materials can consist of high SiO2 
materials. Typically composed of materials providing alkaline metal 
cations (Na+, K+, Ca2+, Mg2+), the alkaline activator induces the 
dissolution of silicon and aluminum in the precursor by attacking the Si- 
O-Si and Al-O-Al bonds, ultimately leading to strength formation [93].  
Table 3 outlines the research carried out on utilizing solid waste mate
rials as alkali activators in concrete. 

3.2.1. Soda residue 
In Table 3, researchers have studied the activation of FA and GGBS 

by SR. The impact of SR content on the strength of alkali-activated GGBS 
was investigated by Lin et al. [94]. In Fig. 12(a), the concrete 
compressive strength peaked at 33.7 MPa after 28 days with 16% SR. 
However, the compressive strength declined to 29.6 MPa as the SR 
content increased to 24%. From a better waste utilization perspective, 
24% SR is considered more optimal. Zhao et al. [95] examined the 
impact of SR on the FA concrete. Their results demonstrated a remark
able enhancement, showing a 260% improvement in compressive 
strength after 42 days when 120 g of SR was added, in contrast to the 
control group where SR was omitted. With curing time increases, the 
strength continues to improve. However, concrete containing SR shows 
a relatively low increase in strength at a later stage. For example, from 
90 to 180 days, concrete compressive strength incorporating 90 g SR 
increased by 21.6%, while the group without SR increased by 44.8%. 

In Fig. 12(b), with increasing SR content, flexural strength also 
increased. At 42 days, the flexural strength increased by 250% when the 
SR content was 120 g. Furthermore, the fine particle size of SR facilitates 
better contact with the FA in the concrete. This allows a significant 

Fig. 10. Effect of WG on concrete (a) compressive and [69] (b) splitting tensile strength [91].  

Fig. 11. Effect of fine glass size on ASR expansion [89].  
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amount of Ca2+ ions from the SR to react with Si and Al released from 
the FA to form C-A-S-H and C-S-H gels, thereby promoting an increase in 
concrete strength [95]. 

3.2.2. Calcium carbide residue 
In Table 3, CCR can be used not only as a base activator alone, but 

also synergistically with other base activators and achieve better results. 
Li et al. [96] compared the variation in concrete strength variations 
when using CCR as an activator for alkali activation in comparison with 

GGBS self-activation. Given that GGBS itself acts as a supplementary 
cementitious material, it undergoes self-hydration, albeit at a slower 
rate. In Fig. 13(a), at 7 days, the concrete strength reached its maximum 
with a CCR content of 10%, while at 28 and 56 days, the peak strength 
was observed with a CCR content of 5%. This phenomenon is because 
higher CCR levels increase the alkalinity of the system, causing early 
strength to rise rapidly. However, as GGBS is the primary source of 
hydration products, too high a CCR content, while increasing the sys
tem’s alkalinity reduces the GGBS content, resulting in reduced 

Table 3 
The influence of solid waste alkali activator on concrete in previous studies.  

Alkali activator Precursors w/b Activator content The optimal dosage and strength Rf 

Dosage Compressive Strength Flexural strength 

SR GGBS  0.50 8％, 16％, 24％, 32％ 16％ 33.7 MPa (28d) N⋅R [94] 
SR FA  0.75 20 g, 40 g, 60 g, 90 g, 120 g, 120 g 14.5 MPa (60d) 3.1 MPa (60d) [95] 
CCR GGBS  0.50 5％, 10％, 15％, 20％ 5％ 23 MPa (56d) N⋅R [96] 
CCR+Na2CO3 GGBS  0.60 CCR (2.5％, 5％…10％) 2.5％+8％ 37.7 MPa (28d) N⋅R [97] 
CCR FA  0.50 CS is 4%, 11%, 19%, and 26% of CaO-E 26％ 13.1 MPa (28d) N⋅R [98] 
CCR+NSi FA  0.50 CS is 19%, 18%, 16%, and 14% of CaO-E 18％+1％ 32.1 MPa (28d) N⋅R [99] 
SR+NaOH MTs  0.50 SR (2.5％, 5％, 7.5％, 10％, 15％) SR(10％) 20.78 MPa (28d) N⋅R [100] 
CCR+NaOH MTs  0.50 CCR (2.5％, 5％, 7.5％, 10％, 15％) CCR(5％) 41.5 MPa (28d) N⋅R [100] 
LM GGBS+SF  0.45 30％, 40％, 50％ 30％ Refer to Fig. 14 N⋅R [101] 
AcLM GGBS+SF  0.45 30％, 40％, 50％ 50％ Refer to Fig. 14 N⋅R [101] 
Paper sludge GGBS  0.31 29 g, 56 g, 85 g, 113 g 113 g (18％) 42 MPa (28d) N⋅R [35]  

Fig. 12. Effect of SR on (a) compressive [94] and (b) flexural strength [95] of alkali-activated concrete.  

Fig. 13. (a) CCR active and GGBS self-hydrating [96] and (b) CCR and Na2CO3 co-active [97] of concrete compressive strength.  
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subsequent strength. Therefore, although the incorporation of CCR in
creases the concrete strength, such increases are limited. 

Gao et al. [97] modified Na2CO3 using CCR to activate GGBS. The 
28-day compressive strength of concrete activated by CCR alone (MixA) 
is approximately half that achieved by using Na2CO3 alone (MixB), as 
shown in Fig. 13(b). Meanwhile, at 28 days, the MixC group, which 
incorporates both CCR and Na2CO3, demonstrates the highest strength. 
The early concrete strength has developed significantly with the addi
tion of CCR. This indicates that CCR effectively accelerates the rate of 
concrete hardening. 

Yang et al. [98] researched the impact of single-CCR activation on FA 
concrete and observed a significant improvement in its mechanical 
properties upon adding CCR. This is because of the reaction between 
Ca2+ in CCR and Si and Al in FA, which formed a stable gel structure and 
filled the voids in the material. With the increase in CCR content, there is 
a corresponding rise in system alkalinity, resulting in enhanced gel 
formation owing to increased dissolved ions, consequently leading to 
improved strength. Yang et al. [99] discovered that the 1-day concrete 
strength was 11.4 MPa when CCR and sodium metasilicate were used as 
the activator alone. When CCR and sodium metasilicate were utilized as 
activators in combination, the concrete compressive strength at 1 day 
reached 24.8 MPa, marking a 54% increase as compared to the group 
using CCR alone. This was because when CCR and sodium metasilicate 
acted together, additional N-S-H and N-S-A-H gels were denser than 
C-S-H and C-A-S-H. 

Comparing the impact of SR and CCR as additional alkali sources in 
activating tailings, Qing et al. [100] discovered that when NaOH served 
as the activator, CCR outperformed SR as a supplementary alkali source. 
Additionally, they observed that adding 5 wt% CCR significantly 
enhanced the early strength of concrete, reaching 41.5 MPa after 28 
days. 

3.2.3. Paper sludge 
Vashistha [101] recovered active LM from a paper mill and used it to 

activate GGBS and SF. Two experiments were carried out by drying the 
LM. One LM is activated by NaOH (AcLM), and the other LM is used 
directly for concrete activation. Fig. 14 demonstrates that activated 
AcLM has a more noticeable impact on enhancing concrete strength than 
LM. The compressive strength of AcLM30 after 7 days is 119% higher 
than LM30. The beneficial effect of activated LM on the concrete is 
because the alkaline activation process of the LM accelerates the 
dissolution of the calcite in the LM, which results in more hydroxides 
reacting with the GGBS, increasing strength. In addition, AcLM50 
reached its maximum at 28 days. It was 5.74% higher than AcLM30. This 
is caused by the higher LM content, which leads to the recrystallization 
of LM and the re-development of strength. Another possibility is that SF 

reacts with activated Ca2+ to form more hydration products. 
The use of activated paper sludge in alkali-excited concrete was 

found to have a delay in achieving both compressive and flexural 
strength by Adesanya et al. [35]. This is because the main mineral 
composition of the paper sludge mixed with NaOH is calcite and pirs
sonite (Na2Ca(CO3)2.2 H2O). Carbonate excitation is a prolonged and 
repetitive process that requires a sustained level of CO3

2- in the system 
through the gradual dissolution of CaCO3. The Ca2+ released by CaCO3 
can then react with Si in the concrete forming the C-A-S-H gel, which 
contributes to strength enhancement at a later stage. 

3.2.4. Discussion 
From the analysis in Table 3 and the above sections, the performance 

of alkali-activated concrete obtained by solid waste activation is related 
to the activation precursor, the water-binder ratio, the solid waste 
activator and dosage, and whether there is an additional alkali source. 
Table 3 also shows that there is limited research on the flexural and 
tensile strength of concrete with solid waste activation. In general, the 
majority of solid waste activation precursors are currently GGBS and FA. 
Similarly, higher strength alkali activated concrete can be obtained by 
reducing the water-binder ratio. For solid waste activators, the concrete 
obtained from a single solid waste activation will have a lower early 
strength. The addition of alkali sources such as NaOH, Na2CO3, etc. can 
increase the rate of concrete hardening. It is also possible to achieve 
better activation effects by using these strong alkalis to treat solid waste 
activators in advance. 

3.3. Aggregate 

Many solid wastes are used as substitutes for concrete aggregates, 
though their chemical compositions may vary across studies. According 
to the different substitution ratios, it can roughly reflect the change rule 
of strength. Table 4 summarizes the application of solid waste aggre
gates in concrete and their impact on concrete performance. 

3.3.1. Steel slag 
Research indicates that utilizing SS as aggregate in concrete can 

enhance mechanical properties [114]. In Fig. 15(a), the concrete ach
ieves its peak compressive strength at a 50% SS content, and the 
compressive strength increases as it ages. After 90 days, all concretes 
containing SS are higher than the control group. Lai et al. [102] believed 
that the later strength increase of SS concrete was owing to SS cemen
tation behavior, which further improved the degree of cement hydration 
in the later period. However, although SS is beneficial to strength, the 
self-weight of SS is large. The self-weight effect should be considered 
when the SS content is high. Maslehuddin et al. [103] reported that 
substituting SS for limestone aggregate with SS had an increase in 
concrete unit weight of approximately 17%. 

Wang et al. [104] discovered that the flexural strength of concrete 
containing 0–100% SS was similar to or better than the control group 
after 28 days, as shown in Fig. 15(b). In particular, at higher SS contents 
(50–100%), the beneficial effect of SS on concrete flexural strength was 
more apparent. At higher replacement rates, SS demonstrates the ability 
to increase the concrete’s splitting tensile strength. Specifically, at a 
100% SS replacement rate, the concrete exhibits a 14.29% increase in 
splitting tensile strength at day 3 and a 6.45% increase at day 28, as 
relative to the control. The special porous surface structure of SS coarse 
aggregate is largely responsible for its influence on concrete strength. 
The SS surface has a porous surface structure, as shown in Fig. 16. This 
structure allows the cement slurry to penetrate more easily into the steel 
slag, enhancing the interaction between the SS and the cement matrix. 

3.3.2. Copper slag 
When the concrete contains CS in the range of 0–60%, the 

compressive strength increases, as shown in Fig. 17 (a). For example, on 
28 days, the compressive strength of the 40% CS concrete is 4.47% Fig. 14. Effect of activated and unactivated LM on concrete [101].  
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greater than the control group [105]. CS improves the performance of 
concrete because copper slag has more angles than sand. This increases 
the interlock with the cement [105]. E Sheikh et al. [106] reported that 
when the CS content reaches 40%, the compressive strength of the 
concrete is increased by 17.01%. They believe that due to CS aggregates 
being of high density and compressibility, which increases the stress 
concentration effect of the concrete and the compressive strength. On 
the other hand, CS exhibits very low water absorption properties. This 
means that it can provide more free water for the hydration process, 
allowing the material to form a uniform gel [105,106]. The 28-day 

flexural and splitting tensile strengths of CS are shown in Fig. 17 (b). 
As the CS content increases, both strengths exhibit an upward trend. The 
flexural and the tensile strength increased by 22.28% and 17.96% 
respectively when the CS content was 60%. This phenomenon arises 
from the irregular particles of CS, which foster a strong bonding capa
bility and high density within the cement matrix. Furthermore, the 
elevated stiffness of CS hinders the propagation of microcracks in the 
concrete, consequently augmenting both flexural and tensile strength 
[106]. 

If the CS content is too high, the low water absorbency of CS 

Table 4 
The influence of solid waste aggregates on concrete in previous studies.  

Wastes Aggregate type Dosage w/b Mechanical properties on the 28th day Rf 

Compressive strength Flexural strength Tensile strength 

SS Coarse+ Fine aggregate 50％+10, 20…60％ 0.31 50％+10％↓, 20–30％↑, 
40–60％↓ 

N⋅R N⋅R [102] 

SS Coarse aggregate 45％, 50％…65％ 0.40 45–55％↓, 60–65％↑ 45–60％↓, 65％↑ 45–60％↓, 65％↑ [103] 
SS Coarse aggregate 0％, 25％…100％ 0.29 0–100％↑ 25–50％↓, 

75–10％↑ 
0–100％↑ [104] 

CS Fine aggregate 20％, 40％…100％ 0.50 20–100％↑ N⋅R N⋅R [105] 
CS Fine aggregate 10％, 20％…100％ 0.40 10–60％↑, 80–100％↓ 10–100％↑ 10–100％↓ [105] 
CS Fine aggregate 10％, 20％…60％ 0.38 10–60％↑ 10–60％↑ 10–60％↑ [106] 
CS+FA+SF Fine aggregate CS (20, 40…100％) 0.45 20,40…100％↑ N⋅R 20,40…100％↑ [107] 
RA Coarse aggregate 10％, 20％…50％ 0.45–0.49 10–50％↓ 10–50％↓ 10–50％↓ [108] 
RA Coarse aggregate 20％, 40％…100％ 0.57 20–100％↓ 20–100％↓ 20–100％↓ [109] 
RA Coarse aggregate 20％, 40％…100％ 0.33 20–100％↓ 20–100％↓ 20–100％↓ [109] 
RA (40 MPa) Coarse aggregate 20％, 50％, 100％ 0.285 20％↑, 50–100％↓ N⋅R 20–50％↑, 100％↓ [110] 
RA (60 MPa) Coarse aggregate 20％, 50％, 100％ 0.285 20–50％↑, 100％↓ N⋅R 20％↑, 50％↓, 100％↑ [110] 
RA (100 MPa) Coarse aggregate 20％, 50％, 100％ 0.285 20–100％↑ N⋅R 20–50％↑, 100％↓ [110] 
WR Coarse aggregate 25％, 50％, 75％ 0.52 25–75％↓ 25–75％↓ N⋅R [111] 
WR Fine aggregate 15％, 30％, 50％, 75％ 0.60 15–75％↓ 15–75％↓ N⋅R [111] 
WR Coarse aggregate 5％, 7.5％, 10％ 0.50 5％↑, 7.5–10％↓ 5–10％↓ 5–10％↓ [112] 
WR Fine aggregate 2.5％,5％…10％ 0.65 2.5–10％↑ 2.5–10％↑ N⋅R [113] 

RA (40 MPa): RA is obtained from crushed concrete with an initial strength of 40 MPa. 

Fig. 15. Effect of SS on (a)compressive [102] and (b) flexural and splitting tensile strength [104] of concrete.  

Fig. 16. Pore shape and SEM of SS [37,115].  
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aggregates leads to large amounts of free water in the material. Afshoon 
et al. [116] found that when the CS replacement rate reaches 60%, the 
evaporation of excess moisture leads to the formation of large pores in 
the concrete matrix, as shown in Fig. 18(a), which is detrimental to 
concrete strength. In another study, Sharma et al. [107] found that the 
addition of SF and FA to high CS concrete can reduce the formation of 
large pores in the matrix. As shown in Fig. 18(b), even with an increase 
in CS up to 100%, dense CSH gel can still be observed within the con
crete matrix, with no generation of large pores. The presence of volcanic 
ash in SF and FA, which reacts with silica to form additional C-S-H, is the 
advantage of this ternary waste concrete. These gels act to fill voids, 
resulting in a more uniform and denser concrete matrix. 

3.3.3. Recycled aggregate 
A large number of studies of many RA applications in concrete are 

listed in Table 4, and the differences in their results are strongly related 
to the source of RA. When RA replaces NA, the compressive strength of 
recycled aggregate concrete (RAC) is mainly related to the RA base 
material and the original mortar combined with RA. The flexural 
strength is mainly influenced by the original mortar to which the RA is 
bonded. The sources of RA used were demolished buildings and crushed 
concrete in the studies by Mathur [108] and Hamad [109] As the base 
material of the RA typically exhibits lower strength, the strength of RAC 
tends to decrease as the RA content increases. Studies have indicated 
that when the quality of RA is low or the replacement rate is increased, 
the compressive strength of the RAC may decrease by 15–40%. [117, 
118]. As shown in Fig. 19 (a), Andreu et al. [110] compared the effect of 
crushed concrete with initial strengths of 40 MPa, 60 MPa, and 100 MPa 
as RA on RAC. RAC strength is higher when using the high-strength base 
material with 100 MPa compressive strength. Another significant factor 

contributing to the reduction in RAC strength is the presence of mortars. 
This may cause a weakening of ITZ. As the bonding between the old 
mortar and RA is lightweight and porous, it results in poor adhesion 
quality of the ITZ [119]. 

However, there appears to be a minimal correlation between con
crete flexural strength and the quality of RA or the replacement rate 
[120]. Andreu et al. [110] observed that RAC derived from a 60 MPa 
base material exhibits superior flexural strength compared to that 
sourced from a 100 MPa base material. They believe that this phe
nomenon is due to the similarity in bond strength between aggregates 
and slurries in different RACs. In addition, it may also be due to the 
presence of the original bonding mortar of the RAC. On one side, it can 
roughen the surface of the RAC. It may also interact with the new mortar 
to improve the interfacial properties of the RAC. Kou et al. [121] 
observed that the presence of RA enhanced the long-term splitting ten
sile strength of concrete. Fig. 19(b) shows that the RAC was 10% lower 
than the control group on 28 days, while RAC exceeded the control 
group in both one year and 5 years. The splitting tensile strength 
improved by 65% from 28 days to 5 years. In their opinion, this is 
because RA enhances the concrete’s ITZ and increases the binding of 
new cement slurry and aggregates after continuous hydration. Addi
tionally, a self-cementing phenomenon, possibly stemming from unhy
drated cement in the original adhesive mortar on the RA, contributes to 
the strength increase. 

To more effectively utilize solid waste, Singh et al. [122] used 100% 
RA in concrete, while simultaneously employing FA, GGBS, and SF to 
completely replace cement to regulate performance. Through experi
ments to optimize the solid waste mix ratios, it was found that although 
the compressive strength of 100% RA + 60% FA + 40% GGBS was lower 
than that of 100% NA + 100% OPC concrete, the compressive strength 

Fig. 17. Effect of CS on (a) compressive [105] and (b) flexural and splitting tensile strength [106] of concrete.  

Fig. 18. Concrete matrix of (a) 60％CS [116] and (b)100％CS+30％FA+10％SF [107].  
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of the former increased by 0.79% compared to 100% RA + 100% OPC, 
indicating the potential for complete cement replacement in RAC. When 
the solid waste content is 100% RA + 45% FA + 50% GGBS + 5% SF, 
both the compressive and splitting tensile strengths of the concrete 
exceed those of 100% NA + 100% OPC concrete. In addition, as shown 
in Fig. 20, the addition of mineral admixtures further improves the 
compactness of the concrete. In Fig. 20(a), the presence of wide cracks 
can be observed, mainly concentrated near the bonding surface between 
aggregates and cementitious materials. In Fig. 20(b), with the addition 
of FA and GGBS, new gels are formed compared to Fig. 20(a), reducing 
the occurrence of matrix cracks. Upon further addition of SF in Fig. 20 
(c), the filling mechanism of SF strengthens the Interfacial Transition 
Zone, thereby enhancing the concrete’s strength. The microcracks in 
Fig. 20(c) are reported to be generated due to shrinkage effects or during 
the curing process, with crack widths estimated to be approximately 0.1 
μm [122]. 

3.3.4. Waste rubber 
Table 4 shows that when WR is used as aggregate, the concrete 

strength decreases, which is due to the lower strength and stiffness of 
WR. Furthermore, the particle size of WR also affects the strength of 
concrete. Generally, the coarser the WR, the greater the effect on con
crete compressive strength. According to Fig. 21(a), replacing 50% and 
75% of the coarse aggregate with WR led to a reduction in the 
compressive strength of the concrete by 54% and 62%. Similarly, 
replacing 50% and 75% of the fine aggregate with WR led to a reduction 
in compressive strength by 28% and 37%, respectively, in contrast with 
the control [111]. Tian et al. [123] pointed out that to reduce the 
negative effect of size, WR can be pretreated to improve bonding with 
the cement matrix, thereby increasing compressive strength. Further
more, some studies have suggested that another factor limiting the use of 

WR is its hydrophobicity, which can weaken the interfacial bond be
tween rubber particles and cement. This defect of WR can be pretreated 
with NaOH to improve WR hydrophilicity, reduce water film thickness 
between WR and cement, and increase concrete compressive strength. 
[124]. Additionally, introducing polar solid groups on the surface of WR 
can enhance its adhesive strength [44]. 

As depicted in Fig. 21(b), Ganjian et al. [112] demonstrated that the 
flexural tensile strength of concrete decreased as the content of WR 
increased. With the WR substitution ratio of 7.5%, the tensile strength of 
the concrete is reduced by 44%. The decreased tensile strength is a result 
of the inadequate cohesion between rubber aggregate and matrix. 
During crack propagation, the rubber is more likely to separate from the 
cement, causing the concrete to disintegrate. With a 10% replacement of 
WR, the flexural strength diminishes by 37%. Again, this weakening is 
attributed to the poor bonding between the aggregate and the matrix. In 
the research reported by NM Al-Akhras et al. [113], it was observed that 
when WR ash replaced sand in mortar mixtures, there was an increase in 
flexural strength. Specifically, on the 28th day, the flexural strength of 
concrete containing 10% WR ash content exhibited a 43% increase 
compared to the control group without WR ash. The particle size of the 
WR used also accounts for the difference in results. In E Ganjian’s study, 
the WR particles had a size larger than 1 mm, whereas in the study by 
NM Al-Akhras, the WR was incinerated, resulting in WR ash with a 
particle size of less than 150 μm when used to replace sand in the con
crete mixture. When the aggregate size is smaller, it functions as a filler 
within the concrete matrix, leading to a denser and more uniformly 
distributed transition zone. This augmentation contributes to the 
enhancement of the flexural strength [113]. 

3.3.5. Discussion 
From Table 4 and the analysis in the previous sections, the 

Fig. 19. Effect of RA on(a) compressive [110] and (b) splitting tensile strength [121] of concrete.  

Fig. 20. SEM images of RAC with different content of solid waste mineral admixtures [122].  
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performance of concrete when solid waste is used as an aggregate is 
influenced by factors such as the type, replacement ratio, and physical 
properties of the waste being replaced. In general, SS and RA are 
commonly used to replace coarse aggregates in concrete. CS is more 
commonly used to replace fine aggregates. WR can be easily cut and 
crushed into various particle sizes to serve as both coarse and fine ag
gregates, meeting the requirements of concrete. From a replacement 
ratio perspective, the summary in Table 4 shows that except for WR, the 
use of solid waste aggregates reached 50% or more in most studies. This 
represents a significant consumption of solid waste. From the point of 
view of physical properties, the irregular shape of SS enhances the me
chanical interlocking forces, while the low water absorption of CS 
contributes significantly to the hydration process. It should be noted that 
for RA and WR, the wide range of sources of RA, the different strengths 
of the base materials, and the different levels of bonded mortar all affect 
their performance in concrete. Generally, higher-strength base materials 
and less adhered mortar are more beneficial for the strength of concrete. 
In most studies, replacing aggregates with WR reduces the strength of 
the concrete, but its physical properties, such as high toughness and 
lower weight, make it more suitable for practical engineering 
applications. 

4. Engineering application of multi-component solid waste 
concrete 

4.1. Solid waste in bricks and pavements 

FA has been widely used in bricks. FA can replace clay with sintered 
bricks. Research indicates that adding FA can elevate the compressive 
strength of sintered bricks, diminish water absorption, and enhance frost 
resistance properties. As the particle size of FA decreases, this benefit 
becomes more apparent [125,126]. Lightweight and high-quality bricks 
can be acquired by mixing FA with sand, water, and lime [127]. In 
addition, FA can also be activated by Na2SiO3, etc. to prepare 
alkali-activated bricks [128,129]. 

Waste glass powder (WGP) can be utilized to make bonded bricks, 
which are formed by bonding between solid waste materials and 
cementitious materials. The experimental results demonstrated that 
with mass ratios of WGP to cement in bricks set at 0.25, 0.50, and 0.75, 
the compressive strength of the bricks exhibited enhancements of 
6.20%, 11.6%, and 21.1%, respectively. Similarly, the flexural strength 
experienced enhancements of 18.6%, 41.2%, and 77.3% with the same 
incremental increases in the mass ratio of WGP to cement. Additionally, 
the incorporation of WGP and waste limestone into Portland cement 
sintered bricks has been found to enhance their wear resistance, freeze- 

thaw resistance, and thermal conductivity [130,131]. Waste rubber 
powder can replace the aggregate in bricks to produce lightweight 
bricks. Using rubber can improve the thermal insulation of concrete by 
5–11%. Furthermore, the mechanical properties, freeze and thaw 
resistance, and unit weight of the recycled rubber blocks meet relevant 
international standards. One notable advantage is that even with a high 
replacement rate of waste rubber powder, brittle fracture does not occur 
when the load exceeds the material’s capacity. Moreover, the incorpo
ration of waste rubber powder enhances the toughness of the bricks and 
their capacity for energy absorption. [132]. Solid waste can be used in 
both paving and sub-basing. Anupam et al. [133] mixed FA, RHA, SCBA, 
and rice straw ash (RSA) with soil. The results show that when used for 
road surfacing, soil mixed with waste can effectively improve the 
shrinkage of the soil. This effect is most pronounced and can effectively 
reduce the risk of foundation damage when the RHA content is 30%. In 
addition, the California Bearing Ratio (CBR) of a road can be improved 
using solid waste materials. As the CBR rises, the lower the deformation 
of the road under the load of the wheels, and the stronger the founda
tion. In particular, there was an increase in CBR from 11.87% to 17.74% 
at 20% soil RSA [133]. Polyvinyl chloride (PVC) derived from plastic 
waste presents a viable option as a partial substitute for asphalt in road 
paving applications. It has been found that PVC pipe waste improves 
binder and mix properties when used as a substitute for asphalt in road 
paving at levels of 3% and 5%. The tensile strength ratios of the mate
rials increased from 79.6% in the control group to 84% and 87.9% with 
3% and 5% PVA. Increasing the resistance of the pavements to cracking. 
In addition, it is clear from Fig. 22 that adding waste PVC reduces the 
rutting depth of asphalt mixes and improves the deformation resistance 

Fig. 21. Effect of WR on (a) compressive [123] and (b) flexural and tensile strength [112] of concrete.  

Fig. 22. Rut depths versus no. of passes [134].  
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and durability of asphalt mixes [134]. 
In the case of rubber waste, it can be seen in Fig. 23(a) that when the 

concrete contains no rubber or low levels of rubber (10 mm, 10％), the 
cracks go through the whole concrete. With higher rubber content 
(10 mm, 30％), the cracks do not go through the whole specimen, the 
rubber waste effectively inhibits the crack propagation. Fig. 23(b) shows 
the deformation curve of the waste rubber specimen after cyclic loading. 
The specimen with no rubber can withstand 7075 cycles. However, if the 
waste rubber content is 10% and the particle size is 10 mm, the life of 
the sample increases to over 7300 cycles. The material tends to stabilize 
after the initial deformation with no significant changes thereafter. For 
30 mm with 10% rubber, the number of cycles is approximately 3000. 
Larger rubber particles weaken the bonding surface of the aggregate, 
resulting in a reduction in deformation capacity [135]. Dry concrete also 
has applications in pavements, masonry, and other projects. Shao et al. 
[136] investigated sustainable dry UHPC. They found that the addition 
of steel fibres effectively limits microcrack initiation and propagation. 
They also observed that in dry UHPC, the spherical structure of FA 
increased the permeability of the mortar in the aggregate. Thus, the 
bonding performance of ITZ has been improved. Silica power makes the 
microstructure of concrete denser and the unit weight larger. Further
more, when the substitution rate of silica fume does not exceed 10%, it 
can also improve the compressive strength, modulus of rupture, and split 
tensile strength of cement mortar at 3 and 7 days. 

4.2. Solid waste in beams and columns 

In concrete components, solid waste can be incorporated into con
crete beams either as cementitious materials or aggregates, affecting the 
strain, crack patterns, crack widths, and deflection-load curve of the 
beams. Fig. 24(a) shows the casting process of concrete beams con
taining WGP. While Fig. 24(b) presents the load-deflection curves of the 
recycled glass powder beams. The graph shows that for the control 
group and the beams with 10% and 15% glass powder content, the ul
timate loads are 78 kN, 92.24 kN, and 98.67 kN, respectively. The 

deflections at failure are 4.98, 8.225, and 7.396 mm respectively. These 
findings suggest that the addition of 10% and 15% glass powder can 
enhance the ultimate strength of the beams by 18.25% and 26.5%, 
respectively. In addition, replacing cement with 15% WGP results in a 
reduction of 52.5 kg of cement per cubic meter of concrete, indicating a 
significant amount of solid waste recovery [137]. 

Waste rubber, tires, plastic granules, and masonry are used as coarse 
aggregates in concrete beams. In most experiments, the increase in the 
content of waste rubber, tires, and plastic granules did not yield sig
nificant beneficial effects on concrete beams. In some cases, a decrease 
in compressive strength, modulus, impact strength, and beam toughness 
were observed. For example, Shao et al. [138] discovered that replacing 
waste rubber with 10% coarse sand in steel fibre reinforced dry UHPC 
beams reduced their impact ductility from 681.8% to 217.6%. The 
beams’ impact resistance was significantly reduced by the addition of 
waste rubber. This reduction in beam impact strength can be eliminated 
through the incorporation of steel fibres. Numerous studies have 
demonstrated the effectiveness of reinforcing fibers in counteracting the 
adverse effects of rubber particles [139–142]. In addition, Shao et al. 
[138] found that FA doping helped to improve the 28d impact ductility 
of beams. As shown in Fig. 25, the 28d impact ductility of the beams was 
increased to 750% when the FA doping level was 60%. 

Broken bricks and recycled aggregates reduce the concrete’s 
compressive strength and tensile strength. However, despite these 
drawbacks, the ultimate strength of beams can be enhanced. For 
instance, the ultimate load value of the concrete beam demonstrates an 
increase of 5.75% and 8.76% for broken brick contents of 5% and 10%, 
respectively. The impact of RA on beam strength is related to ITZ. 
Compared to materials such as waste rubber and plastic, crushed brick is 
more irregular and has sharper edges. This improves the bond between 
the brick particles and the cement matrix [143]. However, as depicted in  
Fig. 26, cracks in all beams initiated from the bending region, extending 
vertically upward and subsequently progressing towards the loading 
zones at both ends. Therefore, the effect of the crushed masonry in 
affecting the cracking and failure mode of the beams is not readily 

Fig. 23. Waste rubber specimens (a) Failure cracks and (b) Deformation diagram after cyclic loading [135].  
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apparent. 
Jawad et al. [144] introduced waste plastic powder into glass fibre 

reinforced plastic (GFRP) steel bars, resulting in the development of a 
novel composite material known as waste plastic mixed GFRP steel bars. 
They found that when using this fibre reinforcement in beam structures, 
the average bond strength of WPGFRP steel bars to concrete (6.81 MPa) 
was nearly double that of Fe500 grade steel bars to concrete (3.53 MPa). 

In addition, the coefficient of thermal expansion of WPGFRP steel bars is 
9.3 μm/m◦C higher than that of conventional GFRP steel bars. This is 
closer to concrete and can reduce structural deformation due to tem
perature. In addition, each tonne of glass fibre reinforcement can replace 
125 kg of plastic waste. 

In the 3D printed concrete, a large amount of solid mineral 

Fig. 24. Glass powder concrete beam (a) production process and (b) load-deflection curve [137].  

Fig. 25. Effect of FA on impact ductility of steel fiber reinforced dry UHPC 
beams [138]. 

Fig. 26. Failure mode of beams containing broken bricks [143].  
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admixtures will be used, including FA and SF. SF can quickly increase 
the strength of concrete. FA has been demonstrated to improve the 
workability of concrete, as well as its subsequent strength and durability 
[145]. Researchers have found that due to 3D printing technology 
allowing concrete to be stacked layer by layer, it imparts anisotropic 
strength to the material [146]. In addition, the multilayer structure will 
result in poor interlayer bonding. Ye et al. [147] were inspired by nat
ural shells. By exploiting the anisotropy and weak interface properties 
caused by layer-by-layer stacking of 3D-printed concrete, a multi-layer 
weak interface concrete beam was produced. The weak interface 
connection of the multi-layer structure can cause relative sliding be
tween the printed layers when the beam is under stress, resulting in local 
or global strain relaxation. Fig. 27 presents the cracking pattern and 
mechanical properties of the 3D-printed concrete beam. The study 
revealed that the crack patterns in this 3D-printed beam were similar to 
those in the natural layers of the shell. It resulted in a 14.66% increase in 
flexural strength and a 312% increase in ductility of the concrete beam. 

As shown in Fig. 28(a), when waste tire rubber is applied to a con
crete column, the column will undergo global buckling failure rather 
than concrete crushing. In Figs. 28(b), 24 MPa reinforced concrete col
umn (24-Normal), after the addition of 0.5% (05− 24− 5) and 1% 
(05− 24− 10) waste tire rubber, the mid-span buckling of the beam 
increased from 6 mm to 7.5 and 12 mm, respectively. This illustrates the 
excellent energy dissipation capacity and ductility of waste rubber 
concrete columns, which is useful for their application in seismic- 
resistant structures [148]. 

In addition to solid industrial waste such as rubber and plastics, solid 
agricultural waste can also be used as aggregates for column structures. 
When using lightweight oil palm shell (OPS) instead of traditional ag
gregates for steel-concrete composite columns. Using OPS as a replace
ment for 22% of the total volume of composite materials, the ultimate 
axial load capacity of OPS reinforced concrete lightweight columns is 
the same as that of conventional concrete columns. However, they are 
approximately 15% lighter than conventional concrete columns. In 
addition, in Fig. 29, when comparing the specimens after loading, the 
OPS lightweight steel tube column expanded 5 mm outwards from the 
steel tube, whereas the ordinary concrete columns exhibited no outward 
expansion. This shows the superior ability of the OPS to deform, sug
gesting an improved ability to absorb energy [149]. 

4.3. Solid waste in Grout material and piles 

The use of solid waste can bring good performance and economic 
benefits in grouting materials. When FA and SS powder are used as 
grouting materials, the profit benefit per tonne can be increased by 11% 
and 9%, respectively. In addition, the incorporation of FA can improve 
the fluidity and pressure bleeding performance of grouts. The pressure 
bleeding performance of grouts can be improved by incorporating SS 
powder. Fig. 30 displays the grouting material containing FA. The grout 
is densely packed, the steel strands are tightly wrapped by the grout and 
there are no voids in the grout section from the sectional view in Fig. 30 
(a). This illustrates the excellent filling and process adaptability of FA 
grouts. Fig. 30(b) shows the use of FA grout in a real engineering 
application. A 30-meter-long box girder bridge was successfully con
structed using this material [150]. 

The application of solid waste in deep piles was studied by Shu et al. 
[151]. They developed a multifunctional solid waste-based hardener 
using SS powder and FA as raw materials and used it in deep pile pro
jects. They found that this hardening material is more fluid than cement, 
rendering it easier to pump and therefore more suitable for deep mixing 
piles and other projects. This solidified material also extends the appli
cation range of deep mixing piles, as it is more suitable for 
high-temperature environments than cement. The cement piles and solid 
waste piles after 60 days of maintenance are shown in Fig. 31(a), from 
which the integrity of the deep piles is poor. It can also be seen that the 
cement and clay are not fully mixed and that many cement blocks are 
present in the form of independent cement blocks in the local image in 
Fig. 31 (b). The deep piles with different levels of hardener are shown in  
Fig. 32 and such deep piles have better integrity than cement piles both 
at both the early (17 d) and late (60 d) stages. 

5. Conclusion and prospect 

5.1. Conclusion 

This study provides a systematic overview of the sustainable cyclic 
application of solid waste as mineral admixtures, aggregates, and alkali 
activators in concrete, focusing on published laboratory research. The 
primary objective is to enhance understanding regarding the potential 
and limitations of various solid waste materials in concrete applications. 
To achieve better integration into the construction industry and to 
provide better economic and environmental benefits. The following 
conclusions can be drawn from this review：  

1. Solid waste can serve as mineral admixtures, aggregates, and alkali 
activators in concrete to promote its sustainable utilization. The 
different production environments and processing methods of solid 
waste materials result in certain differences in the composition and 
activity from different sources. Therefore, it is necessary to conduct 
qualitative and quantitative tests on different batches of solid waste 
during use.  

2. The mechanical properties of concrete are primarily affected by the 
particle size and content of mineral admixtures such as FA, GGBS, 
RHA, SCBA, and WG. Smaller particle sizes and lower contents 
contribute to higher concrete strength. Typically, mineral admixture 
content excluding FA is kept below 50%. However, the content of 
RHA and SCBA should be tested according to the treatment method 
due to their particle sizes being heavily influenced by incineration 
temperature and grinding.  

3. Alkali activated concrete can be obtained by using the solid waste as 
precursors (FA and GGBS) and alkali activators (SR, CCR, and paper 
industry by-products). However, the application of solid waste alkali 
activator is still in its early stages. To cast alkali activated concrete 
with high early strength, it is suggested to use the pretreated solid 
waste activator with strong alkali in advance.  

4. In terms of aggregates, SS is mostly used for coarse aggregates, while 
CS is more commonly used as fine aggregates, with the substitution 
rate reaching over 50%. Different sources of RA exhibit different 
effects on the performance of concrete, and good quality is more 
conducive in improving concrete strength. The stiffness and strength 

Fig. 27. Crack patterns and mechanical characteristics of 3D-printed concrete beams [147].  
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of WR are relatively low with hydrophobicity property, exhibiting a 
negative impact on concrete performance in most studies.  

5. When solid wastes are used in practical construction, FA and RHA 
can strengthen road foundations, WGP can improve the compressive 
and flexural strength of bricks as well enahnce the load-bearing ca
pacity of beams. However, WR, waste plastic, and other materials 
often affect practical mechanical properties negatively, and re
searchers are more interested in their physical properties.  

6. Physical properties of solid waste materials are crucial when utilized 
in practical engineering applications. Specifically, FA with its 
spherical structure improves the fluidity of concrete, CS with low 
water absorption rate promotes the hydration process, and WR im
proves the toughness and impact resistance of the materials and re
duces their weight. Additionally, the thermal expansion coefficient 
of waste plastics closely matches that of concrete, hence mitigating 
concrete deformation due to temperature variations. 

5.2. Perspectives 

Although the academic community has made great efforts to develop 

and evaluate the performance of solid waste concrete, there is still a long 
way to go before it becomes widespread and produced on a large scale. 
The following aspects should be the focus of future research efforts.  

1. Facilitating the widespread adoption of multiple solid waste concrete 
involves enhancing fresh concrete’s performance by optimizing the 
proportions of various solid wastes or modifying the materials, all 
while preserving the mechanical properties of the concrete. Estab
lishing a fitting correlation between rheological properties and solid 
waste materials is essential for integration with current 3D-printed 
concrete technology. This approach aims to strike a balance be
tween sustainability and mechanical robustness in the pursuit of 
more effective utilization of multiple solid wastes in concrete 
applications. 

2. Achieving the desired strength in alkali-activated concrete often re
quires the use of strong alkalis such as NaOH as co-activators. This 
raises environmental concerns. Future research could focus on un
derstanding the interplay between the composition of alkaline acti
vators and their mechanical properties under different curing 
conditions. Aims to identify optimal control methods that balance 

Fig. 28. Rubber concrete column (a) buckling failure and (b) average lateral flexural deflection [148].  

Fig. 29. (a) Normal weight concrete filled steel tubes and (b) Oil palm shell lightweight concrete-filled steel tubes [149].  
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Fig. 30. (a) FA grouting beams and different cross sections and (b) Engineering application of FA grouting materials [150].  

Fig. 31. Deep cement mixing pile (a) piles and (b) partial [151].  

Fig. 32. Damage situation of deep pile body with different solid waste-based solidification materials (a-c) curing for 17 days and (d-f) curing for 60 days [151].  
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maintenance conditions, solid waste-derived activator dosage, and 
mechanical properties. Such knowledge may help to improve the 
overall efficiency of solid waste utilization.  

3. The influence of solid waste materials on the mechanical properties 
of concrete is currently the focus of most laboratory research. 
However, in practical engineering, the results obtained may differ 
significantly from those obtained in the laboratory due to the insta
bility of the site environment and the sources of solid waste. In 
addition, issues such as cracking and deformation of components will 
become more prominent under actual engineering conditions. 
Therefore, for a more comprehensive evaluation of solid waste 
concretes, it is necessary to carry out more practical analyses.  

4. Except for common waste materials such as FA and GGBS, most 
waste materials have no uniform grading standard. Given the un
stable composition of solid waste materials, to provide a more reli
able assessment for the optimization of solid waste concrete, 
improving the methods of solid waste recycling efficiency and 
grading is essential. 
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